The human chromokinesin Kid/kinesin-10, a plus end-directed microtubule (MT)-based motor with both microtubuleand DNA-binding domains, is required for proper chromosome alignment at the metaphase plate. Here, we performed RNA interference experiments to deplete endogenous Kid from HeLa cells and confirmed defects in metaphase chromosome arm alignment in Kid-depleted cells. In addition, we noted a shortening of the spindle length, resulting in a pole-to-pole distance only 80% of wild type. The spindle microtubule-bundles with which Kid normally colocalize became less robust. Rescue of the two Kid deficiency phenotypes-imprecise chromosome alignment at metaphase and shortened spindles-exhibited distinct requirements. Mutants lacking either the DNA-binding domain or the MT motor ATPase failed to rescue the former defect, whereas rescue of the shortened spindle phenotype required neither activity. Kid also exhibits microtubule bundling activity in vitro, and rescue of the shortened spindle phenotype and the bundling activity displayed similar domain requirements, except that rescue required a coiled-coil domain not needed for bundling. These results suggest that distinct from its role in chromosome movement, Kid contributes to spindle morphogenesis by mediating spindle microtubules stabilization.
INTRODUCTION
The mitotic spindle is a highly dynamic molecular machine composed of tubulin, molecular motors, and other microtubule (MT)-associated protein complexes. At the onset of mitosis, the interphase microtubule network disassembles, and mitotic microtubules reassemble around condensed chromatin and the two centrosomes. During this process, multiple proteins associate with the mitotic spindle and play essential roles in spindle assembly and function (Sharp et al., 2000; Karsenti and Vernos, 2001; Scholey et al., 2003) . Although MT dynamics and motor proteins are thought to be involved, the mechanisms by which spindle length is controlled remain elusive. Among models proposed are force balance models that highlight the role of MT polymerization dynamics (Inoue and Sato, 1967; Mitchison et al., 1986; Scholey et al., 2001) , the action of motor proteins (Sharp et al., 2000; Nedelec, 2002; Cytrynbaum et al., 2003) , or the "spindle matrix," a hypothetical, non-MT, tensile element (Scholey et al., 2001) . Other types of models can be grouped in that they seek to explain spindle length with the microtubule system, including dynamics regulators, motors, and cross-linkers, as the sole mechanochemical element (Gruss and Vernos, 2004) .
The human chromokinesin Kid/Kinesin-10 is a plus enddirected MT-based motor Yajima et al., 2003) that binds both MTs and chromosomes (Tokai et al., 1996) . Kid has been reported to play an important role in chromosomal movement along MTs during prometaphase and metaphase. Xkid, a Xenopus homologue of Kid, is essential for chromosome alignment (Antonio et al., 2000; Funabiki and Murray, 2000) , and human Kid is necessary for orientation of chromosome arms and chromosome oscillation (Levesque and Compton, 2001 ). Kid colocalizes with spindles and chromosomes during the period from prophase through metaphase, and recent studies revealed that Kid contains a second MT-binding site Shiroguchi et al., 2003) whose affinity for MT is controlled by Cdc2-mediated phosphorylation . In addition, Kid together with nuclear mitotic apparatus (NuMA) protein directs spindle formation (Levesque et al., 2003) . Another report showed that Ran, a GTPase in the Ras superfamily, modulates the affinity of Kid for MTs (Trieselmann et al., 2003) . Ran is proposed to be a spatial regulator of spindle-MT assembly, which maintains spindle assembly factors in their active states near the chromatin (Kahana and Cleveland, 1999; Wiese et al., 2001; Gruss et al., 2002) . The findings suggest the possibility that Kid is involved in spindle assembly. Although previous reports implicate Kid in chromosome movement along the spindle, the functions of Kid on spindle MTs remain unknown. In the present study, we depleted Kid from HeLa cells using RNA interference (RNAi) to investigate what functions Kid may play over the course of mitosis. Our results demonstrate that in addition to its role in metaphase chromosome movement, Kid is responsible for maintenance of the length of spindle MTs.
MATERIALS AND METHODS

RNA Interference
HeLa cells were cultured in DMEM with 10% fetal calf serum. RNAi experiments were carried out with small interfering RNA (siRNA) as described previously (Elbashir et al., 2002) . Target sequences were 5Ј-AAGATTGGAGC-TACTCGTCGT-3Ј for Kid and 5Ј-AAGCGCGCTTTGTAGGATTCG-3Ј for control Euglena gracilis chloroplast DNA. Synthetic siRNAs (JbioS, Tokyo, Japan) were transfected into cells with Oligofectamine (Invitrogen, Karlsruhe, Germany).
Immunocytochemistry
For immunofluorescence microscopy, cells were fixed in methanol and stained with primary antibodies (i.e., anti-Kid [Tokai et al., 1996] , anti-␣-tubulin [Sigma-Aldrich, St. Louis, MO], anti-␥-tubulin [Sigma-Aldrich] , and kinetochore-specific CREST serum provided by Y. Takasaki [Tokyo Medical and Dental University, Tokyo, Japan]) and secondary antibodies coupled to Alexa488, Cy3, or fluorescein isothiocyanate (Invitrogen; Jackson ImmunoResearch Laboratories, West Grove, PA; or MP Biomedicals, Irvine, CA). DNA was stained with Hoechst33342 (Invitrogen). Immunofluorescence images were collected on a DeltaVision system (Applied Precision, Issaquah, WA) and subsequently analyzed by iterative constrained deconvolution.
Immunoblotting was performed as described previously (Tokai et al., 1996) with antibody against NuMA (NeoMarkers, Fremont, CA) and other antibodies described for indirect immunofluorescence.
For spindle intensity quantification, 48 h after the addition of the siRNA, cells were transferred onto ice for 10 min and fixed. Cells were stained as described above. Because fluorescence levels often varied among different coverslips, we selected areas that contained at least one completely depleted cell and a cell that retained normal Kid levels. Each mitotic cell was optically sectioned using the DeltaVision system. The three-dimensional data sets (z-series of 5 face optical sections in 1-m increments) were projected onto a single image plane. The fluorescence intensity within the spindle area was measured by NIH Image 1.62, and the background intensity was subtracted. The resulting intensity value was defined as the spindle intensity. The average of spindle intensities in nondepleted cells was set to 1.
Laser Scanning Cytometry (LSC)
Cells were fixed in ethanol and stained with primary antibodies (i.e., anti-Kid [Tokai et al., 1996] and anti-␣-tubulin [Sigma-Aldrich]) and secondary antibodies conjugated with Alexa488 or Cy3 (Invitrogen or Jackson ImmunoResearch Laboratories). DNA was stained with propidium iodide (PI). Cell fluorescence was measured by LSC (LSC2; CompuCyte, Cambridge, MA) as described previously (Luther and Kamentsky, 1996; Sasaki et al., 1996) . For each cell, we measured DNA content and examined the Alexa488 fluorescence profile for Kid expression. At least 7000 cells were measured per sample. The experiments were repeated at least four times.
Plasmid Construction and Transfection
To prepare plasmids for expression of Kid-rescue (Kidr) mutants, nucleotide sequence 124 -133 base pairs (GGA GCT ACT) of Kid were changed to GGT GCA ACG. Site-directed mutagenesis was performed by PCR . Portions of the Kid cDNA corresponding to amino acids 1-515, 1-462, and 1-388 (for Kid-delDB, Kid-delC, and Kid-motor, respectively) were cloned into the mammalian expression vector pME18SMyc (Tokai et al., 1996) and pGEX-2T (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). HeLa cells were transfected with siRNAs and then synchronized by double thymidine block. pME18SMyc-Kidr vectors were transfected using LipofectAMINE Plus (Invitrogen) during the interval between the first and second thymidine blocks. Cells were released into fresh medium for 12 h and analyzed by indirect immunofluorescence. 
Quantitation of Protein Expression
MT Cross-linking Assay
MT cross-linking assay were performed as reported previously . Tubulin (prepared by Y. Y. Toyoshima, University of Tokyo, Tokyo, Japan) labeled with rhodamine (Invitrogen) was polymerized as described previously. For the purification of glutathione S-transferase (GST) fusion proteins expressed in Escherichia coli [BL21Star(DE3)], a high-speed supernatant was adsorbed to glutathione-agarose (Sigma-Aldrich) and eluted. GST fusion protein of Kid mutant (75 nM) was mixed with MTs (150 nM) in the assay buffer, incubated for 2 min at 25°C, and then observed using a DeltaVision system (Applied Precision)
Statistical Analysis
Statistical analyses were achieved with paired t test by using StatView J (Abacus Concepts, Berkeley, CA). A p value Ͻ0.05 was considered significant.
RESULTS
Suppression of Kid by RNAi Leads to Misaligned Chromosome Arms and Malformed Nuclei
HeLa cells were transfected with siRNA-Kid, a small interfering RNA duplex targeting a region 94 base pairs downstream of the first nucleotide of the start codon of the human Kid mRNA. Western blot analysis of lysates from siRNAKid-transfected cells confirmed that, by 48 h after transfection, the amount of Kid was reduced to ϳ3% of that in control cells ( Figure 1A ). Levels of other proteins, such as dynein, NuMA, and tubulin, were unaffected by siRNA-Kid.
Analysis with LSC revealed that the profile of the number of cells at different stages of the cell cycle did not differ appreciably between the Kid-depleted cells and control cells ( Figure 1B , 1 and 2). Therefore, cell cycle progression per se was not grossly affected by Kid depletion. Nevertheless, the histogram suggests some enrichment of mitotic cells. We also noticed that Ͼ5% of transfected cells had a DNA content of Ͻ2n ( Figure 1B , 2) 3 d after transfection of siRNAKid. Morphological observation of cells of interest by LSC revealed that most of the cells with less than 2n DNA content ( Figure 1B , 2, boxed area) contained satellite or multiple nuclei, which were probably the consequence of lagging chromosomes ( Figure 1B, 3) . Nevertheless, we observed severe chromosome segregation or nucleus reformation abnormalities in only a minority of treated cells. Functional redundancy or residual Kid activity may explain the continued ability of most cells to divide normally.
We next quantified frequency of each mitotic phase of Kid-depleted cells ( Figure 1C ) and found that 80% of Kiddepleted mitotic cells showed a prometaphase-like morphology, whereas only 60% of control mitotic cells showed a similar morphology. The data suggest delay of the cell cycle during prometaphase. Then, we examined the spindle and chromosome morphology of the Kid-depleted mitotic cells in greater detail. In control prometaphase and metaphase cells, Kid was distributed along the mitotic chromosomes and spindles ( Figure 1D ). In contrast, in Kid-depleted cells, we detected little or no immunostaining of Kid ( Figure 1E ). Kid-depleted prometaphase cells had condensed chromosomes and two MT asters that were clearly separated from each other. In metaphase cells, the chromosome arms frequently failed to align properly at the metaphase plate. The data confirm a critical role of Kid in generating the polar ejection force.
On entry into anaphase, Kid is enriched at the spindle pole proximal side of the chromosomes in control cells (Figure 1D) . In Kid-depleted cells, a lagging chromosome phenotype was observed at the onset of anaphase ( Figure 1E ). Moreover, although cytokinesis and nuclear reassembly had N. Tokai-Nishizumi et al. occurred, the resulting nuclei in the daughter cells showed irregular profiles ( Figure 1E, bottom) . Further studies are needed to understand the abnormalities in anaphase chromosome movement and daughter nucleus configuration in the absence of Kid.
Kid Is Required for Maintenance of Normal Spindle Size
The Kid-depleted cells were stained with anti-␥-tubulin antibody for centrosomes and cells with both centrosomes in one focal plane were subjected to the analysis. In Kid-depleted HeLa cells, although the bipolar spindles formed, the distance between the two centrosomes was reduced to ϳ80% of that in control cells (Figure 2A ). The short spindle phenotype was also observed in Kid-depleted U2OS cells (our unpublished data). We further tested the effects of Kid depletion on monopolar spindles induced by monastrol, an inhibitor of the mitotic kinesin Eg5 (Mayer et al., 1999) . To do so the monastrol-treated cells were stained with anti-␥-tubulin antibody and CREST serum for centrosomes and kinetochores, respectively. The average distance between the centrosome and kinetochores for monopolar spindles in Kid-siRNA-transfected cells was also reduced to ϳ80% of that in control cells (Figure 2 , B and C).
To verify that the observed decrease in spindle size was due specifically to loss of Kid, we performed a rescue experiment. We constructed a Kidr cDNA containing three silent mutations within the siRNA target sequence to prevent destruction of exogenous mRNA. As shown in Figure  2A , the myc-tagged Kidr-WT protein rescued the shortspindle phenotype caused by Kid siRNA. The data indicate that Kid is involved in the formation of the mitotic spindles. Previously it has been reported that short bipolar spindles were formed after simultaneous perturbation of Kid and NuMA (Levesque et al., 2003) . Immunoblot and immunoflu- orescent analyses showed that depletion of Kid did not affect levels of NuMA, dynein, or ␣-tubulin proteins ( Figure 1A ) nor the localization of NuMA in metaphase cells ( Figure 2D ). The results suggest that Kid contributes to spindle formation independently of NuMA.
For maintaining consistent pole-to-pole spacing, MT polymer dynamics is important (Waters et al., 1996) . To examine whether altered MT dynamics contributes toward the failure to maintain spindle size in mitotic cells lacking Kid, we suppressed MT dynamics by addition of 100 nM nocodazole (Supplemental Figure 1) . The pole-to-pole distances in Kiddepleted cells were reduced to ϳ80% of that in control cells (Supplemental Figure 1B) . The failure of the low dose of nocodazole to rescue the short spindle phenotype implies that MT dynamics is unlikely to be an important factor in explaining the short spindle phenotype of Kid-depleted cells.
We noticed that spindle microtubules were less robust after the depletion of Kid. This was obviously demonstrated when we chilled the cells for 10 min 48 h after siRNA transfection to depolymerize the nonbundled MTs ( Figure  3A ). Quantitative analysis showed that the microtubule density of these spindles in Kid-depleted cells was reduced by (A) Bar graph shows the average distance between two centrosomes in siRNA-control (con RNAi)-treated cells, siRNA-Kid (Kid RNAi)-treated cells, and siRNA-Kid-treated HeLa cells transfected with RNAi-resistant Kid-WT construct (Kid). Cells were fixed and stained with antibodies against Myc-tag and ␥-tubulin, and the pole-to-pole distance was measured. Twenty metaphase cells were scored in each of five independent experiments. Error bars represent the SD. *p Ͻ 0.0005. (B) immunofluorescence images of monopolar HeLa cell. Kid-depleted (Kid RNAi) and control (con RNAi) HeLa cells were treated with 100 M monastrol for 2 h, fixed, and processed for immunofluorescence staining with antibodies against ␥-tubulin (green) and kinetochore-specific CREST (red). DNA was visualized with Hoechst33342 stain (blue in the right panels). (C) Histograms of the average distances between centrosomes and kinetochores monopolar spindles obtained from siRNA-Kid-(Kid ϳ18% ( Figure 3B ) compared with that in control cells. The observations suggest that Kid contributes to stable spindle formation.
The Maintenance of Spindle Size Does Not Require Kid's DNA-binding Region and Motor Activity
To test the functional domains of Kid for maintenance of spindle size, we constructed expression vectors encoding a series of Kidr mutant proteins ( Figure 4A ). After immunofluorescent staining of Kidr-transfected cells with antibodies against ␣-tubulin and myc or Kid, we quantified the level of exogenous protein expression by fluorescent intensity (see Materials and Methods). The cells expressing the Kidr protein at a level comparable with endogenous Kid of non-siRNA transfected cells were selected for measurements of the poleto-pole distance. Note that exogenous Kidr-wild-type (WT) protein at this level localized to chromosomes and spindles similar to endogenous Kid ( Figure 4B ). To test the need for DNA-binding activity, the Kidr-delDB fragment lacking the DNA-binding region was expressed in Kid-depleted cells. The Kidr-delDB mutant protein localized only to the spindle ( Figure 4B ). Kidr-delDB expression rescued spindle size as effectively as Kidr-WT ( Figure 4C ), indicating that Kid DNA-binding activity was not essential for spindle length maintenance. Previously, it was reported that perturbation of Kid-DNA interaction by microinjection of Kid antibodies into HeLa cells causes defects in chromosome arm orientation, but no spindle lengths abnormality was reported (Levesque and Compton, 2001 ). These facts support the idea that Kid maintains spindle size independently of its role in chromosome movement.
We then examined the necessity of Kid motor activity using the Kidr-rigor mutant. The Kidr-rigor mutant has a threonine-to-asparagine mutation in the conserved ATP loop of the motor domain such that it lacks ATP hydrolysis activity; therefore, it interacts with MTs constitutively . Kidr-rigor localized to the spindle (Figure 4B ) and also rescued spindle length ( Figure 4C ), indicating that the motor activity of Kid was also irrelevant to spindle length in vivo. Because the rigor mutant has higher affinity to MTs than wild type, Kidr-rigor protein may stabilize MTs in a manner that is different from Kidr-WT. To test this possibility, Kidr-rigor-motor that consists of only motor domain was examined. Kidr-rigor-motor also strictly localized to the spindle ( Figure 4B ) but could not rescue spindle length (Figure 4C ), suggesting that the strong MTbinding character of Kidr-rigor was not enough to stabilize MTs. These results strongly support the idea that Kid's motor activity-and by extension, its activity in chromosome movement-are not essential for spindle size maintenance.
In contrast to spindle length, the misalignment of chromosome arms in Kid-depleted cells was not rescued by any tested mutant ( Figure 4B ). The average length of chromosome arms along the pole-to-pole axis was 4.4 Ϯ 0.5 m (n ϭ 11) in Kid-depleted cells and 4.9 Ϯ 0.6 m (n ϭ 11) in Kidr-delDB-rescued cells, but 3.5 Ϯ 0.8 m (n ϭ 11, p Ͻ 0.0005) in Kidr-WT-rescued cells. In particular, chromosomes in cells expressing the Kidr-rigor mutant were oriented with their arms conspicuously poleward, parallel to the long axis of the spindle ( Figure 4B , Kidr-rigor, DNA, 6.6 Ϯ 1.2 m, n ϭ 10, p Ͻ 0.0005). This effect may be explained by the properties of the Kidr-rigor protein: the Kidr-rigor protein contains an immotile motor domain but retains strong binding activity to both MTs and DNA, and it may immobilize chromosomes along the spindle. 
Both the Coiled-Coil Region and the Second MT-binding Region Are Required to Rescue the Short Spindle Phenotype
A previous study showed that the Kid-delDB fragment induces formation of MT bundles in vitro in an ATP-sensitive manner, but the Kid-motor fragment, which lacks both the second MT-binding region and the coiled-coil region present in Kid-delDB, does not . Kidr-delDB protein rescued spindle size but Kidr-motor protein did not (Figure 4) . Thus, the ability to rescue spindle size seems to correlate with the ability of inducing MT bundles. However, a possibility remains that the coiled-coil region is sufficient for rescue of the short spindle phenotype. To examine the necessity of the second MT-binding region and the coiledcoil region of MT bundle formation, we assayed the in vitro MT bundle-inducing activity of Kid constructs lacking the second MT-binding region and DNA-binding domains (Kidr-delM in Figure 5A ) or the coiled-coil region and DNA binding domains (Kidr-delC in Figure 5A ). As shown in Figure 5B , Kid-delC protein induced formation of MT bundles to about the same extent as Kid-delDB, but Kid-delM did not. In the previous report by Shiroguchi et al. (2003) , MT-bundling activity of Kid was abolished in the presence of ATP in vitro. Consistent with the results of the in vitro MT-bundling assay, we found that overexpressed KidrdelDB and Kidr-delC proteins induced formation of MT bundles and colocalized with MT bundles in the nucleus ( Figure 5C, top and second panels) . In contrast, Kidr-motor protein and Kidr-delM protein colocalized with MTs in interphase cells but did not induce formation of MT bundles even when expressed at high levels ( Figure 5C , third and bottom panels). Kidr-delDB protein rescued spindle size (Figure 4 , B and C). To the contrary, both Kidr-delC and Kidr-delM expression failed to rescue spindle size ( Figure  6B ), despite localization of the mutant proteins to the spindle ( Figure 6A ). These data indicate that the MT bundle-inducing activity alone is insufficient to rescue the short spindle phenotype of Kid-depleted cells and that the coiled-coil region is insufficient for the rescue, either. Together, these results strongly suggest that both the coiled-coil region and the second MT-binding region of Kid are needed for the maintenance of spindle size.
DISCUSSION
In this study, we used RNAi coupled with rescue assays to analyze the function of the chromokinesin Kid/kinesin-10. The study showed that Kid contributes to the formation of the prometaphase/metaphase mitotic apparatus in at least two independent ways: pushing away the chromosome arms to generate the polar ejection force (Figure 7 , left) and maintaining correct spindle size (Figure 7, right) , the latter of which represents a novel role of Kid. These two functions may be regulated and coordinated through molecular modifications such as phosphorylation. We previously showed that Kid is phosphorylated by Cdc2 kinase and that the phosphorylation of Kid down-regulates its affinity for MTs . Thus, it is conceivable that the phosphorylated and nonphosphorylated forms of Kid play separate roles; phosphorylated Kid might associate reversibly with MTs to shepherd chromosome arms, whereas nonphosphorylated Kid would interact with MTs to facilitate microtubule stability.
Our findings seem to contradict an existing report that microinjection of CFPAC-1 cells with antibodies against the DNA-binding region of Kid caused defects in chromosome arm orientation, whereas spindle lengths were unaffected (Levesque et al., 2003) . Furthermore, in Kid-depleted mitotic cells, the proportion of prometaphase cells was increased, suggesting delay of the cell cycle during prometaphase, whereas microinjection with Kid antibodies did not result in delay of anaphase onset (Levesque et al., 2003) . The apparent discrepancy may be explained if the antibodies used by Levesque et al. (2003) against the DNA-binding region of Kid left other Kid activities unaffected. Obviously, in our RNAibased experiments, Kid functions were inhibited more completely. These observations also suggest the possibility that Kid is not only required for proper spindle length but also is involved in prometaphase events such as spindle formation, independent of chromosome motility.
How might Kid be involved in maintenance of spindle size? Considering Kid's properties, at least three hypotheses may explain the short spindle phenotype caused by Kid siRNA. First, the loss of Kid-generated polar ejection force may shorten spindle length. Second, Kid may cross-link and slide overlapping antiparallel MTs within interpolar MT bundles. Third, Kid may be involved in stabilization of spindle MTs. By the rescue assay with various Kid-mutant constructs, we were able to define the functional relevance of Kid's different domains. The expression of Kid constructs Kidr-delDB or Kidr-rigor, lacking either the DNA-binding or motor activity, respectively, nevertheless rescued the short spindle phenotype. Thus, the function of Kid in organizing spindle MTs is independent of its activity in chromosome movement. Furthermore, the observation that the motor activity of Kid is not required for spindle length rescue rules out the hypothesis that interpolar MT sliding plays a role in this phenotype. Therefore, we were left with the third hypothesis that Kid is involved in stabilization of spindle MTs.
In Kid-depleted metaphase cells, suppression of MT dynamics by low levels of nocodazole could not rescue the short spindle phenotype. Therefore, it is likely that Kid stabilizes the spindle MTs in a manner distinct from controlling MT dynamics during metaphase. On the other hand, MT bundles were subtly less robust in Kid-depleted metaphase cells compared with control cells. In addition, immunoelectron microscopic analysis revealed Kid signals along bundled MTs as well as on chromosomes in prometaphase HeLa cells (Supplemental Figure 2, A-E) . Based on these observations, we speculate that Kid present on MT bundles may contribute to the stabilization of spindle MTs and spindle morphogenesis.
How might Kid be involved in stabilization of spindle MTs? Our rescue experiments with a series of Kid deletion mutants showed that all the constructs that could rescue the short spindle phenotype posses an ability to induce MT bundles. Therefore, we propose that Kid stabilizes the spindle MTs, at least in part, by directly cross-linking parallel MTs through its motor and second MT-binding sites. Actually, Kidr-delM, which possesses the coiled-coil domain but lacks MT-bundling activity, failed to rescue the short spindle phenotype (Figure 6 ). However, Kidr-delC, which retains MT-bundling activity but lacks the coiled-coil domain, also failed to rescue the short spindle phenotype (Figure 6 ). These results argue that bundling activity alone is insufficient for spindle length rescue but is nevertheless required in conjunction with the coiled-coil region for spindle length maintenance.
The function of the coiled-coil region of Kid remains unknown. Kid oligomerization is one mechanism through which MT stability might be enhanced. Previously, Kid was reported to be a monomeric motor . However, we found that when GST-tagged Kid was coexpressed with truncation mutants of FLAG-tagged Kid in 293T cell, FLAG-Kid was coprecipitated with GST-Kid, but only when it contained the coiled-coil region, suggesting that Kid can oligomerize through the coiled-coil region (Supplemental Figure 3) . Another monomeric motor, Kif1A/kinesin-3, is reported to be converted into a processive dimer at high motor concentrations (Tomishige et al., 2002) . Thus, one possibility is that Kid may also form oligomers in a situation-specific manner, resulted in enhanced MT-bundling activity of Kid conferred by the motor and second MT binding site. Another possibility is that the coiled-coil region of Kid directly binds and recruits other molecules that facilitate or regulate the stabilization of spindle MTs bundled by Kid (Figure 7, right) .
The mechanism of spindle length determination is very complex and involves multiple activities (Mitchison et al., 2005) . Recently, a model was proposed, in which spindle length is set by a concentration gradient of the GTP form of small GTPase Ran (Gruss and Vernos, 2004) . Activities of a subset of spindle assembly factors such as TPX2 were inhibited by its direct binding to importin ␣/␤ (Wiese et al., 2001; Gruss et al., 2002) . Their interaction between TPX2 and importin ␣/␤, in turn, is inhibited by binding of RanGTP to importin ␤ (Gruss et al., 2001; Nachury et al., 2001; Wiese et al., 2001) . Thus, in the course of spindle formation, RanGTP has the net effect of promoting spindle assembly factor activity close to the chromosomes by dissociating importin ␣/␤ complex from them (Kahana and Cleveland, 1999; Wiese et al., 2001; Gruss et al., 2002; Trieselmann and Wilde, 2002) . It has been reported that importin ␣/␤ also binds to Kid and lowers Kid's affinity for MTs (Trieselmann et al., 2003) . In addition, our findings, that Kid stabilizes the spindle at least in part through inducing MT bundles, fit together well with these biochemical observations of Trieselmann et al. (2003) . In Figure 5 , unusual nuclear MT bundles were observed in cells overexpressing Kid mutant fragments that possess the motor and second MT-binding region of Kid. Although the exact mechanism of this nuclear MT bundle formation is unknown, we speculate that when RanGTP promotes dissociation of importin ␣/␤ from Kid within the nucleus, Kid may exhibit high affinity for MTs or tubulin (Germani et al., 2000) and that overexpression could emphasize this effect to the point of MT bundle formation. These observations suggest that Kid could be one more spindle assembly factor subject to RanGTP-importin ␣/␤ regulation in setting the spindle size through stabilizing chromosomeassociated MTs.
